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Abstract

Purpose

To explore the possibility that inhibiting triggering receptor expressed on myeloid cells-1

(TREM-1) and Dendritic cell-associated C-type lectin-1(Dectin-1) could modulate the innate

immune response and alleviate the severity of corneal fungal keratitis.

Method

TREM-1 and Dectin-1 expression was detected in fungus-infected human corneal speci-

mens by real-time PCR. C57BL/6 (B6) mice were injected with Aspergillus fumigatus and
divided into 4 groups that received subconjunctival injections of PBS and IgG as a control

(group I), mTREM-1/IgG fusion protein (group II), the soluble β-glucan antagonist laminarin

(group III), or mTREM-1/Fc and laminarin (group IV). Corneal virulence was evaluated

based on clinical scores. TREM-1 and Dectin-1 mRNA levels were assayed using real-time

PCR. The distribution patterns of TREM-1, Dectin-1 and cellular infiltrates in fungus-infected

corneas were examined by immunohistochemistry. Moreover, changes in T Helper Type1

(Th1)-/ T Helper Type1 (Th2)- type cytokines and proinflammatory cytokines were

measured.

Results

The expression of TREM-1 and Dectin-1 increased significantly and correlated positively

with the progression of fungal keratitis. Most infiltrated cells were neutrophils and secondar-

ily macrophages in infected cornea. The clinical scores decreased after interfering with

TREM-1 and Dectin-1 expression in infected mouse corneas. Levels of Th1-type cytokines

including interleukin-12 (IL-12), IL-18 and interferon-γ (IFN-γ) were decreased in the cornea,

while the levels of Th2-type cytokines, including IL-4, IL-5 and IL-10, showed obvious increases.
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Conclusion

TREM-1 and Dectin-1 function concurrently in the corneal innate immune response by regu-

lating inflammatory cytokine expression in fungal keratitis. Inhibition of TREM-1 and Dectin-

1 can alleviate the severity of corneal damage by downregulating the excessive inflamma-

tory response.

Introduction
Fungal keratitis is a severe, sight-threatening ocular disease because of trauma [1], the preva-
lence of contact lens use [2], corticosteroid abuse and ocular surgery [1]. Since its diagnosis is
difficult, the availability of effective and specific antifungal agents is limited and its clinical out-
come is poor, fungal keratitis is still a great challenge in ophthalmologic clinic [3]. Further-
more, even received an accurate diagnosis and appropriate treatment, 20% of fungal keratitis
patients may suffer corneal perforation [4], which may be attributed to secondary corneal dam-
age induced by excessive inflammatory responses.

The most common causative agents of fungal keratitis are Candida and Aspergillus. [5]
Once fungi invade the corneal stroma, host innate immune cells recognize pathogens with pat-
tern-recognition receptors (PRRs), especially C-type lectin receptors (CLRs). CLRs including
mannose receptor (MR), Dectin-1 and Dectin-2, comprise transmembrane and soluble recep-
tors that share a carbohydrate-recognition domain [6]. Recent findings have demonstrated that
Dectin-1 is clearly expressed in the cornea and functions to detect invading fungi [7]. Dectin-1
can specifically recognizes β-glucan [8] which is a major conserved structural component of
fungal cell walls. Activation of Dectin-1 signaling initiates a variety of inflammatory events,
such as cellular maturation, the respiratory burst, the development of Th17 responses, as well
as the production of inflammatory cytokines, such as IL-17A, TNF-α, IL-6, IL-1β and MIP-2.

In fungal keratitis, the clinical prognosis is largely determined by both pathogenic virulence
and host immune response[9]. PRRs-mediated inflammatory response enhances clearance of
fungi and promote tissue repair. However, if unchecked, prolonged over-reactive host immune
response may amplify the inflammation, and lead to tissue injury and corneal perforation[10].
Therefore, precise regulatory mechanisms are required to modulate the inflammatory response
in fungal keratitis.

Triggering receptors expressed on myeloid cells (TREMs) are identified as a new family of
receptors that regulate both innate and adaptive immune responses to infection[10, 11]. Recent
studies demonstrated that the expression of TREM-1 was strongly up-regulated in neutrophils
and macrophages by lipopolysaccharide (LPS) and bacteria such as P. aeruginosa[10]. Inhibi-
tion of TREM-1 protects mice against LPS-induced septic shock and microbial sepsis caused
by live E. coli [12]. In addition, it has been reported that TREM-1 can modulate immune
responses to P. aeruginosa keratitis. Blocking TREM-1 with soluble mTREM-1/IgG fusion pro-
tein decreases Th1 response while enhances Th2 response, thus protects cornea from perfora-
tion[10]. However, the role of TREM-1 in fungal keratitis is largely unknown.

Here, we investigate the expressions and functions of TREM-1 and Dectin-1 in fungal kera-
titis. Our data reveal that both TREM-1 and Dectin-1 are significantly enhanced in either
human or mouse corneas, which are infiltrated mainly by neutrophils and macrophages after
fungal infection, and amplifies corneal inflammation by modulating Th1/Th2 immune
responses. This study suggests that TREM-1 and Dectin-1 may have potential applications as
targets for therapeutic intervention in fungal keratitis.
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Materials and Methods

Patients and Tissue Specimens
Patient consent and approval from the Institutional Research Ethics Committee were obtained
before these clinical samples were used for research purposes. All research with human subjects
adhered to the tenets of the Declaration of Helsinki. Written informed consent was obtained
from the participants or their guardians before the study, which conforms to the tenets of the
Declaration of Helsinki. This study was approved by the Institutional Review Board of the
Zhongshan Ophthalmic Center (approval ID: 2012KYNL017). Fungal keratitis patients who
were treated at the Zhongshan Ophthalmic Center (Sun Yat-sen University, Guangzhou,
China) from August 2012 to January 2014 were included in the study. The inclusion criterion
was clinically diagnosed fungal keratitis that was experimentally confirmed by microbial cul-
ture of corneal scrapes, and the microbial culture revealed that they included 8 samples of
Fusarium, 6 samples of Aspergillus fumigatus, and 6 samples of Candida albicans. Based on the
infection time and severity of the corneal ulcer, the enrolled patients were divided into two
groups. Patients in the early stage group had corneal infiltration limited to part of the cornea
without hypopyon with a disease course lasting less than two weeks (7 males and 3 females,
23–71 years old). Patients in the late stage group had an infection lasting more than two weeks
with serious corneal infiltration extending throughout the entire cornea (4 males and 6 females,
35–70 years old). These patients received corneal transplantation, and infected corneas were
collected and analyzed using real-time polymerase chain reaction (PCR) and hematoxylin and
eosin staining (H&E). Normal corneal tissues provided by an eye bank served as the control
group. Donor corneas were confirmed to be free of any detectable prior pathologic conditions
and were stored in a special storage reagent at a low temperature to maintain biological
activity.

Ocular Infection
The animal experiments complied with the Association for Research in Vision and Ophthal-
mology Statement for the Use of Animals in Ophthalmic and Vision Research. The research
protocol was also approved by the Animal Care Committee of the Zhongshan Ophthalmic
Center at Sun Yat-sen University (Guangzhou, China) (approval ID: 2013027). Eight-week-old
female C57BL/6 (B6) mice were purchased from the Animal Supply Center of Sun Yat-sen
University, Zhongshan School of Medicine, then the mice were anesthetized intraperitoneally
with xylazine (1.9 mg/ml) and ketamine (37.5 mg/ml) and every effort was made to minimize
suffering, and were placed beneath a stereoscopic microscope with 20× magnification. The
right eye of each mouse was punctured to form a tunnel in the corneal stroma using a 30-gauge
needle. Then, a 33-gauge Hamilton syringe was inserted through the tunnel, and 2 μl of a
1×105 conidia (Aspergillus fumigatus strain no. 3.0772, China General Microbiological Culture
Collection Center, Beijing, China) solution was injected into the corneal stroma[13]. The eye-
lids were rubbed together for several seconds to distribute the inoculum evenly over the corneal
surface.

Clinical Scoring
For the determination of clinical scores at 1, 3 and 5 days post-infection (p.i.), all infected cor-
neas were photographed to illustrate the disease progression. Ocular disease was graded using
clinical scores ranging from 0 to 12 according to the scoring system developed by Wu[13]. A
total score of 5 or less indicated mild keratitis, 6 to 9 represented moderate keratitis and 9 to 12
indicated severe keratitis.
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Inhibition of TREM-1 and Dectin-1
B6 mice successfully infected with fungi were divided into 4 groups. Mice in group I had been
given a subconjunctival injection of IgG and PBS (1 μg in 5 μl of PBS per cornea) (R&D Sys-
tems, Minneapolis, MN) into the right eyes before infection (n = 5/group/time) as a control.
Then, on each day p.i., each mouse was injected i.p. with an additional 10 μg of IgG protein.
Mice in group II, were given a subconjunctival injection of mTREM-1/IgG fusion protein (1 μg
in 5 μl of PBS per cornea) (R&D Systems, Minneapolis, MN) into the right eyes before infection
(n = 5/group/time), which competes with TREM-1 to bind with TREM-1 ligand[10]. Then, on
each day p.i., each mouse was injected i.p. with an additional 10 μg of mTREM-1/IgG fusion
protein. Mice in group III, were given a subconjunctival injection of the soluble β-glucan antag-
onist laminarin (1 μg in 5 μl of PBS per cornea) (Sigma-Aldrich, Germany) into the right eyes
before infection (n = 5/group/time), which can specifically inhibit Dectin-1 expression [14, 15].
Then, on each day p.i., each mouse was injected i.p. with an additional 1 ml of laminarin
(200 μg in 1 ml of PBS per mouse). Mice in group IV were given a subconjunctival injection of
mTREM-1/Fc combined with laminarin. Then, on each day p.i., each mouse was injected i.p.
with an additional 10 μg of mTREM-1/IgG fusion protein and an additional 1 ml of laminarin.

All mice were scored daily for corneal disease. The mice were sacrificed on days 1 and 5 p.i.,
and the eyes were then enucleated and processed for histological examination and PCR analysis.
The animals were treated in compliance with the Association for Research in Vision and Oph-
thalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research.

Immunohistochemistry
Paraffin-embedded 4-μm sections of the infected corneas were deparaffinized with xylene and
ethanol gradient methods and incubated for 10 min at room temperature with 3% freshly pre-
pared hydrogen peroxide solution to block endogenous peroxidase activity. Antigen retrieval
was performed via 3 cycles of microwaving slides submerged in citrate buffer (sodium citrate
dihydrate, 2.94 g/L, pH 6.0) for 5 min at 50% power. The slides were then washed with PBS
with 0.05% Tween-20(PBS-T), blocked with 5% horse serum for 30 min and incubated with rat
monoclonal antibodies specific for mouse and human TREM-1 and Dectin-1 (R&D Systems,
Minneapolis, MN),Macrophage(Abcam, Cambridge,UK) and Neutrophils which are identified
by Gr-1 Ab (Thermo Scientific, West Palm Beach, FL). All primary antibodies were diluted
1:50 in PBS-T and incubated overnight at 4°C. The controls were treated similarly, although
the primary antibody was replaced with isotype-matched IgG. The sections were then washed,
incubated for 1 h at room temperature with secondary anti-rat antibodies (ImmPRESS reagent
kit; Vector labs), washed with PBS and incubated with Black Alkaline Phosphatase Substrate
(Vector labs, SK-5200) in the dark for 10–20 min. The reaction was terminated with double-
distilled H2O, and the sections were counterstained with hematoxylin. The sections were then
dehydrated in ethanol gradients, dipped in xylene and dried overnight before examination. All
sections were visualized with a Zeiss microscope (Zeiss microscope AXIO Imager A1; Carl
Zeiss, Inc, Oberkochen, Germany).

Real-time PCR
Total RNA was isolated from individual corneas for analysis using TRIzol (Invitrogen, Carls-
bad, CA) according to the manufacturer’s recommendations and was quantitated using Nano-
Drop 2000C spectrophotometers (Thermo Scientific, West Palm Beach, FL). One microgram
of total RNA was reverse-transcribed to produce cDNA, and the cDNA was amplified using
SYBR Green Master Mix (Bio-Rad, Hercules, CA) as suggested by the manufacturer. Primers
for mouse IFN-γ, IL-4 and IL-5 were purchased from SABiosciences (Frederick, MD), and
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other primer sequences are listed in Table 1. Quantitative real-time PCR was performed using
the CFX96 Real-Time PCR System (Bio-Rad, Hercules, CA). Relative gene expression levels
were calculated after normalization to internal control β-actin.

Enzyme-linked immunosorbent assay (ELISA)
Cytokine protein levels were selectively tested using ELISA kits (R&D Systems, Minneapolis,
MN). Corneal samples were individually collected (n = 5/group/time) at 1 and 5 days p.i. from
the different groups. Corneas were homogenized in 0.5 ml of PBS containing 0.1% Tween-20.
All samples were centrifuged at 13,000 rpm for 5 min, and supernatants were collected. An ali-
quot of each supernatant was assayed in duplicate for TNF-α and IL-6 expression In accor-
dance with the manufacturer’s instructions. The reported sensitivities of these assays are 5.1
pg/ml for TNF-α and 1.3 to 1.8 pg/ml for IL-6.

Statistical Analysis
Differences in the clinical scores of the four groups at the corresponding time points were
determined using the Mann-Whitney U test. An unpaired, two-tailed Student’s t test was used
to determine the statistical significance of the other assays. The data were considered statisti-
cally significant at P<0.05.

Results

Expressions of TREM-1 and Dectin-1 in fungus-infected human corneas
To explore whether TREM-1 and Dectin-1 participate in fungal keratitis, fungus-infected corneas
were collected to test expressions of TREM-1 and Dectin-1. Slit-lamp photography showed obvi-
ous stromal infiltration and serious corneal ulcers in fungus-infected corneas (Fig 1A).

Table 1. Nucleotide Sequences of the Specific Primers Used for PCR Amplification.

Gene Primer Sequence (5'-3')

mβ-actin GAT TAC TGC TCT GGC TCC TAG C; F

GAC TCA TCG TAC TCC TGC TTG C R

mTREM-1 TCC TAT TAC AAG GCT GAC AGA GCG TC; F

AAG ACC AGG AGA GGA AAC AAC CGC R

mDectin-1 GACCCAAGCTACTTCCTC; F

GCAGCACCTTTGTCATACT R

mIL-12 GGT CAC ACT GGA CCA AAG GGA CTA TG; F

ATT CTG CTG CCG TGC TTC CAA C R

mIL-18 GCC TGT GTT CGA GGA TAT GAC TGA; F

TTC ACA GAG AGG GTC ACA GCC A R

mIL-10 AGC TGG ACA ACA TAC TGC TAA CCG AC; F

CTT GAT TTC TGG GCC ATG CTT CTC TG R

mIL-17A TCAGCGTGTCCAAACACTGAG; F

CGCCAAGGGAGTTAAAGACTT R

hβ-actin GCT CCT CCT GAG CGC AAG; F

CAT CTG CTG GAA GGT GGA CA R

hTREM-1 AGT CCC CAG GAT CAT ACT AGA AGA C; F

AGG CTG GTA GAT CAC ACA CTG ATA C R

hDectin-1 GCT TAA TTG GAA AGA AGA GAA GA; F

GAT TAA AGG GAA ACA GGT ATC TT R

doi:10.1371/journal.pone.0150114.t001
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Fig 1. The pathological changes of cornea from patients with fungal keratitis. Slit-lamp photography (A) and HE staining (B) of normal or fungus-
infected human corneas in the early and late stage. Magnifications: ×40(lowmagnification), ×100 (insets).

doi:10.1371/journal.pone.0150114.g001
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Histological analysis revealed that compared with corneas in the early stage, increased edema was
noted in fungus-infected corneas in the late stage, and more infiltrating inflammatory cells accu-
mulated in the corneal stroma over the course of fungal invasion (Fig 1B). Immunohistochemis-
try revealed increasing-positive staining for TREM-1 and Dectin-1 in the corneal epithelium and
stroma from the early to the later stage (Fig 2A). The real-time PCR data (Fig 2B) showed that
the expressions of TREM-1 and Dectin-1 were significantly increased in fungus-infected corneas.
When compared with normal controls, TREM-1 expression levels were approximately 12-fold
higher in the early stage and 40-fold higher in the late stage of fungal keratitis (both P<0.001),
while Dectin-1 expression levels were 8-fold higher in the early stage and 30-fold higher in the
late stage (P<0.01 and P<0.001, respectively). These results indicate that both TREM-1 and Dec-
tin-1 expression levels were dynamically correlated with the progression of fungal keratitis.

Characterization of the Cellular Infiltrate in fungus-infected human
corneas
To examine the infiltrated inflammatory cells in fungus-infected human corneas, paraffin sec-
tions were immunostained with Gr-1 Ab and anti-macrophage Ab to assess the quantity and
morphology of neutrophils and macrophages. We found that the average percentage of neutro-
phils was 75.8% and macrophages was 20% (Fig 3B); and representative images were also
shown in which positive staining were depicted as brown dots (Fig 3A).

Expressions of TREM-1 and Dectin-1 in the murine fungal keratitis
model
To further determine the role of TREM-1 and Dectin-1 in fungal keratitis, a well-characterized
and accepted murine model of Aspergillus fumigatus keratitis was established to mimic human
ocular infection. Similar to human fungal keratitis, slit-lamp photograph of corneas showed
gradually advanced corneal swelling, corneal ulcers and increased corneal infiltration from day
1 to day 5 p.i. (Fig 4A, 4B and 4C). The clinical score data (Fig 4D) illustrated that the corneal
disease progressed gradually at 1, 3, and 5 days p.i., with average scores of 3, 7, and 10, respec-
tively (all P<0.001). Additionally, immunohistochemistry revealed significant positive staining
for TREM-1 and Dectin-1 (depicted as brown dots) in the corneal epithelium and stroma from
1 to 5 days p.i. (Fig 5A). No staining was observed in the isotype-matched mouse IgG controls
in both normal and infected corneas. The mRNA levels and distribution patterns of TREM-1
and Dectin-1 in fungus-infected corneas were examined by real-time PCR and immunohis-
tochemistry, respectively. The real-time PCR data showed that the mRNA levels of TREM-1
and Dectin-1 were significantly upregulated in a time-dependent manner and peaked at 5 days
p.i. (Fig 5B and 5C, all P<0.05). Neutrophils comprised 78.4% averagely of infiltrating cells,
with macrophages of 18% (Fig 5D). The results showed that the expression levels of TREM-1
and Dectin-1 and the percentage of inflammatory cells in Mouse were matched with the
Human’s.

Blockade of TREM-1 and Dectin-1 promoted host resistance to infection
Since both TREM-1 and Dectin-1 (mRNA and protein) expressions were significantly up-regu-
lated in B6 corneas after fungal infection, the next series of in vivo studies were designed to
determine whether blockade of TREM-1 and Dectin-1 promotes host resistance to fungal
infection. mTREM-1/IgG fusion protein and soluble β-glucan antagonist laminarin were sub-
conjunctivally injected to block TREM-1 and Dectin-1, respectively. Slit-lamp photographs
revealed that blockade either TREM-1 or Dectin-1 reduced disease severity of fungal kereatits
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Fig 2. Expressions of TREM-1 and Dectin-1 in fungus-infected human corneas. TREM-1 and Dectin-1 mRNA levels (A) and distribution patterns of
TREM-1 and Dectin-1 (B) were examined both in normal and fungus-infected human corneas. Data are presented as mean ± SEMwith 10 patients per
group.Magnifications: ×20. *, p<0.05; **, p<0.01; ***, p<0.001.

doi:10.1371/journal.pone.0150114.g002
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Fig 3. Cellular composition of fungus-infected human corneas.Representative pictures showed the cellular infiltrate in fungus-infected human corneas
by immunostaining with antibodies to neutrophils and macrophages (A). The percentages of neutrophils and macrophages were determined by counting 100
cells from 10 patients of fungal keratitis. Magnifications: ×100.

doi:10.1371/journal.pone.0150114.g003
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(Fig 6A). Simultaneous inhibition of TREM-1 and Dectin-1 showed synergic protection from
fungal infection (Fig 6A). The clinical scores were highest in control group and lowest in
TREM-1 and Dectin-1 inhibition group at 1, 3 and 5 days p.i. (Fig 6B, all P<0.05).

Furthermore, HE staining (Fig 6C) confirmed that infected corneas of control group exhib-
ited the most serious stromal swelling, with many inflammatory cells infiltrating the stroma
and anterior chamber, while inhibition of TREM-1 or Dection-1 reduced corneal disease (Fig
6C). When both TREM-1 and Dection-1 were blocked, corneas showed a relatively intact epi-
thelium with slight corneal infiltration (Fig 6C).

Fig 4. Corneal images and clinical score in the murine fungal keratitis model. C57BL/6 (B6) mice were infected with Aspergillus fumigatus following
routine protocols. Corneal images (A,B,C) and clinical scores (D) indicated the characteristics of corneal lesions at 1, 3 and 5 days p.i. Magnification: ×16.

doi:10.1371/journal.pone.0150114.g004
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Blockade of TREM-1 and Dectin-1 decreased Th1 responses, but
increased Th2 responses
To explore the mechanism by which TREM-1 and Dectin-1 modulates the immune response,
mRNA levels of selected Th1 and Th2 cytokines were analyzed by real-time PCR in infected
corneas of mTREM-1/Fc, laminarin or control-treated B6 mice at 1 and 5 days p.i.. At different
time points, Compared with controls, blockade of mTREM-1 or Dectin-1 significantly down-
regulated the levels of Th1 cytokines including IL-12 (Fig 7A, all P<0.05), IL-18 (Fig 7B, all
P<0.05) and IFN-γ (Fig 7C, all P<0.05), but increased Th2 cytokines, including IL-4 (Fig 7E,
all P<0.05), IL-5 (Fig 7F, all P<0.05) and IL-10 (Fig 7G, all P<0.05). Additionally, ELISA data

Fig 5. Expressions of TREM-1 and Dectin-1 and Cellular composition in the murine fungal keratitis model. TREM-1 and Dectin-1 protein expression
levels were determined using immunohistochemistry in the same samples at the corresponding time points (A). TREM-1 (B) and Dectin-1 (C) mRNA levels
were examined in normal (N) and infected B6 mouse corneas at 1, 3 and 5 days p.i.. The percentages of neutrophils and macrophages (D) were determined
by counting 100 cells from 5 samples. Magnifications: ×40. *, p<0.05; **, p<0.01; ***, p<0.001.

doi:10.1371/journal.pone.0150114.g005
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Fig 6. Blockade of TREM-1 and Dectin-1 promoted host resistance to fungal infection. B6 mice were subconjunctivally injected with mTREM-1/IgG
fusion protein (1 μg per cornea), soluble β-glucan antagonist laminarin (1 μg per cornea) or both into the right eyes before Aspergillus fumigatus infection,
followed with administration with the same dosage on each day p.i.. Images of fungus-infected corneas (A) were acquired by slit-lamp photography and
corneal scores (B) were recorded at 1, 3 and 5 days p.i. The histopathology of fungus-infected mice corneas was analyzed with HE staining at 5 d p.i. (C).
Magnification: ×40. *, p<0.05; **, p<0.01; ***, p<0.001.

doi:10.1371/journal.pone.0150114.g006
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showed that inhibiting TREM-1 and Dectin-1 simultaneously decreased IFN-γ protein levels
(Fig 7D, all P<0.05) and increased in IL-10 protein levels (Fig 7H, all P<0.05). Moreover, RNA
expression levels of IL-17A (Fig 7I, all P<0.05) and protein expression levels of IL-6 (Fig 7J, all
P<0.05) and TNF-α (Fig 7K, all P<0.05) decreased after TREM-1 or Dectin-1 inhibition at 1
and 5 days p.i..

Discussion
The histopathology of fungal keratitis correlates closely with the immune response [16]. Recog-
nition of fungi initiates a variety of inflammatory events in the cornea, such as infiltration of
inflammatory cells as well as the production of inflammatory cytokines, chemokines and other
soluble mediators. These factors initiate inflammatory responses and help shape the

Fig 7. Th1, Th2 and pro-inflammatory cytokines production in fungus-infected cornea after blocking TREM-1 and Dectin-1. B6 mice were
subconjunctivally injected with mTREM-1/IgG fusion protein (1 μg per cornea), soluble β-glucan antagonist laminarin (1 μg per cornea) or both into the right
eyes before Aspergillus fumigatus infection, followed with administration with the same dosage on each day p.i.. The mRNA expression levels of Th1-type
cytokines, including IL-12 (A), IL-18 (B) and IFN-γ (C), Th2 cytokines, including IL-4 (E), IL-5 (F) and IL-10 (G), and IL-17A(I) were detected with real-time
PCR at 1 and 5 days p.i. The protein levels of IFN-γ (D), IL-10 (H), IL-6 (J) and TNF-α (K) were determined with ELISA at 1 and 5 days p.i. in each group. Data
are the mean ± SEM and represent individual experiments, each including 5 animals/group/time. *, p<0.05; **, p<0.01; ***, p<0.001.

doi:10.1371/journal.pone.0150114.g007
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development of antifungal immunity [16, 17]. In fungal keratitis, moderate inflammation pro-
motes fungal clearance and induces healing of injured tissue. However, if the process is not
controlled properly, excessive host inflammatory response will be aggravate tissue damage, and
result in corneal perforation ultimately [18]. In this study, we find that blockage of TREM-1
and Dectin-1 can alleviate fungal keratitis by modulating Th1/Th2 immune responses.

Triggering receptor in myeloid cells-1 (TREM-1) is reported to be a critical inflammation-
amplifier and has recently been implicated as a key molecule in the regulation of innate
immune responses [19]. TREM-1 is found on neutrophils, monocytes and macrophages [11,
19–21] and its expression is increased by the presence of LPS, bacteria or fungi [19–21].
TREM-1 expression has been reported in Aspergillus-containing granulomas, suggesting that
this receptor might be involved in the antifungal responses of the host.[11] Further study indi-
cated that TREM-1 regulates immune responses to A. fumigatus during fungal asthma in fun-
gus-infected lungs, clearly revealing a role for TREM-1 in fungal infection [10]. In this study,
we first demonstrated that the mRNA level of TREM-1 was significantly increased and the
majority of infiltrated cells were neutrophils,followed by macrophages in corneas after fungal
infection. Moreover, the increased expression levels were closely associated with the pathologi-
cal process and severity of corneal damage.

The specific ligand for TREM-1 remains unknown, however, once activated, TREM-1 acts
as a critical amplifier of inflammatory signaling[22]. Treatment of inflammatory cells with
TREM-1 ligation in vitro induces secretion of pro-inflammatory cytokines and chemokines,
immediate degranulation, respiratory burst and phagocytosis [23], [24]. Our in vivo studies
showed that a blockade of TREM-1 alleviated disease progression. However, a few infected cor-
neas still became perforated in the late stage. Thus, it is possible that other key molecules aside
from TREM-1 act simultaneously to mediate pathogenesis in fungal keratitis.

Dectin-1 which is widely expressed on neutrophils, macrophages and dendritic cells, recog-
nizes β-glucans and is critical for the recognition and phagocytosis of fungi [8]. Our study is
consistent with recent reports [8], showing that the expression of Dectin-1 was elevated in fun-
gal keratitis, which were mainly infiltrated with neutrophils and macrophages in human and
mouse fungi-infected cornea[25]. The expression of Dectin-1 in fungi-infected corneas was
enhanced in the early stage and subsequently changed with the progression of corneal damage
in fungal keratitis. Notably, the increase of Dectin-1 was correlated with that of TREM-1. Inter-
estingly, Leal and Goodridge [26] indicated that TLRs and Dectin-1 work together to detect
invading fungi, while TREM-1 also acts synergistically with TLRs to modulate inflammatory
responses.[19]. Taken together, these findings indicate the close relationship among PRRs.
Based on these studies, we hypothesized that TREM-1 and Dectin-1 may show similar increas-
ing trends and act synergistically in fungal keratitis.

In a mouse model of fungal keratitis, we blocked TREM-1 and Dectin-1 simultaneously and
observed that the clinical scores were lower than those in other groups in which TREM-1 or
Dectin-1 was inhibited alone. Additionally, the infiltration of inflammatory cells in the cornea
was obviously alleviated. These phenomena implied that TREM-1 and Dectin-1 may synergis-
tically stimulate the inflammatory response. It is possible that fungal infection-triggered
TREM-1 signaling activates downstream spleen tyrosine kinase (Syk) and caspase-recruitment
domain 9 (CARD9) [8, 19], which is also necessary for Dectin-1 signaling activation. TREM-1
and Dectin-1 signaling converge on Syk and CARD9 and act synergically to amplify inflamma-
tory response. This may explain why blocking TREM-1 and Dectin-1 together can alleviate
fungal keratitis more effectively.

According to previous studies, fungal keratitis can cause dysregulation of the immune
system following fungal invasion, and it is important to maintain a balance between inflam-
matory and anti-inflammatory responses [27]. Continuous release of Th1 cytokines induced
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by fungal antigen from activated neutrophils, macrophages, dendritic cells,ect, may cause
excessive inflammation and accelerate tissue destruction. Meanwhile, Th2 cytokines from
autocrine of Th2 cells or activated neutrophils, macrophages and keratinocytes attenuate
the immune-related inflammation and alleviate the severity of corneal lesions (9, 29). Th2
type cytokine has been reported to be anti-inflammatory cytokines in fungal infection and
allergic immune response [28, 29], because they could downregulate the inflammatory cells’
activation. In Fig 6C, it is easy to observe from the HE staining that blocking TREM-1and
Dectin-1 could obviously reduce the amounts of infiltrated inflammatory cells, including
neutrophils and macrophages. As we all known, neutrophils and macrophages played
important role on amplifying the fungi-induced inflammatory response, and the upregula-
tion of Th2 response after blocking TREM-1 and Dectin-1 reduced the infiltration and sup-
pressed the activation of inflammatory cells, therefore they benefited to alleviate the fungal
infection. Compared with the inhibition of either TREM-1 or Dectin-1 alone, we found that
inhibiting both TREM-1 and Dectin-1 group infiltrated with the least inflammatory cells,
then decreased the expression of Th1 cytokines (IL-12, IL-18 and IFN-γ), and increased the
expression of Th2 cytokines (IL-4, IL-5 and IL-10).

Additionally, our study illustrated that the productions of pro-inflammatory cytokines
including IL-17A, IL-6 and TNF-α were dramatically decreased by inhibiting TREM-1 and
Dectin-1; IL-17A was released by Th17 cells, and IL-6 and TNF-α were from the activated the
neutrophils and macrophages, which played central role on resisting fungal invasion [30, 31].
Thus, the reduced neutrophils and macrophages infiltrations after inhibition were responsible
for the decreased proinflammatory cytokines in diseased corneas. Conclusively, blockade of
TREM-1 and Dectin-1 suppressed the activation of proinflammatory cytokines and the secre-
tion of Th1/Th2 inflammatory cytokines, preventing excessive inflammatory responses as well
as cellular infiltrates and therefore ameliorating the pathological damage of infected corneas.

To summarize, this study firstly demonstrated that blockage of TREM-1 and Dectin-1 can
reduce the severity of corneal damage in a mouse model of fungal keratitis by downregulating
the inflammatory response. Our study provides a better understanding of the pathologic mech-
anism of the inflammatory cytokine network in fungal keratitis. Furthermore, inhibiting the
expression of TREM-1 and Dectin-1 can exert anti-inflammatory effects and has promising
potential for treatment of fungal keratitis.
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